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Creep Strength Enhanced Ferritic (CSEF) Steels 

ÅOwing to its high creep-rupture 
strength, Grade 91 (9Cr-1MoVNb) steel 
is one of the most-widely used 
materials in structural components 
such as tubing, piping, and headers in 
the current fleet of fossil plants

ÅGrade 92 steel, having a higher creep 
strength than Grade 91 with addition 
of tungsten (W) and reduction in 
Molybdenum (Mo), is increasingly used 
in plant components

ASME Gr. 91 ASME Gr. 92

H. Cerjak and E. Letofsky: Sci. Technol. 

Weld. Join., Vol. 1, pp. 36ï42 (1996)
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Optical Microscopy
Prior austenite grain 
boundaries

Engineered Base Metal Microstructure

Scanning Electron Microscopy
Tempered martensite

Transmission Electron 
Microscopy
Subgrains and precipitates

20 um

200 nm

50um

Grade 91

Grade 92

Å Tempered martensite

Å Carbide precipitation along PAGB and 

martensite laths

H.C. Whitt, Ph.D. Dissertation, The Ohio State University, 2019.

R. Johnson, M.S. Thesis, The Ohio State University, 2021.
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Formation of Deleterious Microstructure
ÅHeat treatment at a temperature close 

to A1 (e.g., 760 ̄C or 1400 ̄C) is 
essential to obtain the tempered 
martensite microstructure

ÅMicrostructure deleterious to 
mechanical properties can form if 
temperature is not maintained
ÅTemperature too high (e.g., between A1 and 

A3) can lead to formation of ferrite (a)

ÅTemperature too much lower than A1 can 
lead to untemperedmartensite

Literature Review of Temperbead Welding Techniques and Considerations for Grade 91 

Components. EPRI, Palo Alto, CA, October 2012. 1026505.
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Industry Needs and Project Objectives
ÅTechnical gaps:
ÅHow to ensure field welding repair onto Grade 91 or 92 worked properly?

ÅHow to optimize welding parameters to reduce formation of deleterious 
microstructure? 

ÅSpecific objectives:
ÅDeveloping a non-destructive evaluation (NDE) technique incorporating machine 

learning which can be used for reliable inspection of detrimental microstructure before 
and after welding

ÅSignificantly improving the fidelity and predictive capability of computational model for 
multi-pass, multi-layer welding by incorporating molten pool dynamics and 
metallurgical transformation kinetics

ÅTraining graduate and undergraduate students on NDE and welding applications related 
to fossil energy
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Overview of Research Tasks
Task 1.0 ςProject Management and Planning Task 2.0 ςFabrication of Weld Coupons

Task 3.0 ςGleeblePhysical Simulation Task 4.0 ςMicrostructure and Hardness Characterization

Task 5.0 ςNon-Destructive Evaluation Task 6.0 ςPhysics-based Models

Task 7.0 ςReporting

Data analysisData generation

Å Non-destructive evaluation with 
machine learning

Å Physics-based models

Å Fabrication of weld coupons

Å Gleeblephysical simulation

Å Microstructure & hardness 
characterization

Detect and control of microstructure

CSEF steels:
ÁGrade 91
ÁGrade 92
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Task 3.0 - GleeblePhysical Simulation for Grade 91 
and Grade 92 steels
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Sample 

Material

CGHAZ 

Temp range

FGHAZ

Temp range

ICHAZ

Temp range

Grade 91 T (1200 C̄) > 

1150 C̄

1150 C̄ > T 

(1100 C̄) 

>870 C̄ 

1150 C̄ > 

T(875 C̄)  

>870 C̄

Grade 92 T (1200 C̄) 

>1150 C̄

1150 C̄ >T 

(1100 C̄)  

>920 C̄ 

1150 C̄ >T 

(940 C̄)  >920 C̄ 

¸ Gleebleused to produce weld 
HAZ microstructuresi.e., CGHAZ, 
FGHAZ, and ICHAZ

¸ Hardness (HV) survey ongoing for 
all HAZ microstructures in both 
tempered and non-tempered 
conditions

Temperature ranges used for Gleeble Simulation

Actual testing in Gleeble Gleeble thermal cycles for the 

CGHAZ Weld simulation for Grade 

91 and Grade 92 .
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Gr. 91 Sample

Task 4.0 - Microstructure and Hardness 
Characterization

Vickers Hardness survey plot of Grade 91 samples showing the Weld Metal (WM), 

Heat Affected Zone (HAZ), and Base metal (BM)

Vickers Hardness survey plot of 

Grade 91 samples showing the 

Weld Metal (WM), Heat Affected 

Zone (HAZ), and Base metal (BM)


